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Very neutron rich nuclei decay almost exclusively by β[beta] decay followed by the emission
of a delayed neutron. The Versatile Array of Neutron Detectors at Low Energy(VANDLE)
measures the energy of neutrons emitted after beta decay using the time of flight(TOF)
technique. This work studied beta-delayed neutron emission in the region of the doubly
magic nucleus 132Sn[132Sn] using an upgraded version of VANDLE to better determine
the properties of neutron rich nuclei. These properties are important for nuclear structure
models, nuclear energy and security, as well as the astrophysical rapid neutron capture
process which occurs in this region. The experimental campaign took place in the spring
of 2015 at Argonne National Laboratory, using beams from the Californium Rare Isotope
Breeder Upgrade(CARIBU) facility, and measured multiple isotopes. The results for two of
these isotopes will be presented in this work, 135Sb[135Sb] and 136Sb[136Sb].
v
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Chapter 1
Physics Background and Motivation
1.1 Introduction
The subject of this work is beta-delayed neutron emission in the region of the doubly magic
nucleus 132Sn along the r-process path. This region of the nuclear landscape is of interest
to various research and application topics. The rapid neutron capture process (r-process) is
believed to occur in these neutron-rich nuclei, with waiting points for the r-process residing
around the doubly magic regions. Modeling of the r-process, as well as nuclear shell model
calculations, require detailed experimental inputs specifically for very neutron-rich nuclei to
improve their results and predictions. Lastly, to better the quality of their simulations,
stockpile stewardship and nuclear reactor decay heat modeling calculations also require
detailed experimental input from these neutron-rich nuclei since many of these nuclei are
produced in nuclear fission.
This work set out to measure the beta-delayed neutron decay neutron energies of two
fission fragments, 135−136Sb. This experiment was the first attempt since the 1970s for 135Sb,
and worked to improve the detection of high energy neutrons. It was also the first attempt
to measure the beta-delayed neutron spectrum from 136Sb.
1
1.2 Beta-delayed Neutron Emission
1.2.1 Beta Decay
Very neutron-rich nuclei, far from stability, decay to a more energetically stable form.
Almost all neutron-rich nuclei beta decay towards stability by transforming neutrons into
protons, see Figure 1.1 [46, 25]. β−(β+) decay itself is a neutron(proton) transforming into a
proton (neutron), with the additional emission of an electron (positron) and an anti-neutrino
(neutrino). This process leaves the atomic mass number unchanged, and schematically can be
written for β− decay as ApXn →Ap+1 Yn−1+e−+v̄e, and for β+ decay as ApXn →Ap−1 Yn+1+e++ve
[25].




Sβ(Ei)× f(Z,Qβ − Ei) (1.1)
The beta decay strength function, Sβ in Equation 1.1, defines the reduced transition matrix
elements. The Fermi integral, written in Equation 1.1 as f(Z,Qβ−Ei), is a distribution that
accounts for the decay phase space. It tends to suppress the population of highly excited
states, specifically the states of interest that are above the neutron separation energy, Sn, due
to its strong dependence on Qβ, as seen in Figure 1.2. The reason behind this suppression
of the feeding to the highly excited states is due to the Fermi integral decreasing to the fifth
power as energy increases.
The strong dependence of the Fermi integral on decay energy will shorten nuclear level
lifetimes with an increase in Qβ. The Fermi integral contains the Fermi function, which is
a function that accounts for the interaction of the β particle with the Coulomb field of the
nucleus, folded with phase space factors to model the β particle as it leaves the nucleus [25].
Beta decay can be broken down into two broad categories. Allowed β decay involves no
loss of orbital angular momentum in the nucleus. Forbidden β decay involves the leptons
carrying away some amount of angular momentum from the nucleus [25].
2
Figure 1.1: Main decay modes across known nuclei [39]. One can see that beta decay (blue
and pink regions) plays a large and important part in the overall nuclear landscape. Most
radioactive isotopes will beta decay back towards stability (black region).
1.2.2 Allowed vs. Forbidden Decay
Allowed β decay can also be broken down into two categories, Fermi type decay and Gamow-
Teller type decay. The operators are written using τ±, the isospin ladder operator, as:
A∑
i=1
τ−(i) Fermi Decay (1.2)
A∑
i=1
~σ(i)τ−(i) Gamow-Teller Decay (1.3)
For Fermi type decays, Equation 1.2, the spins between the electron and anti-neutrino
that are emitted are anti-parallel, allowing for transitions between initial and final nuclear
states with no net change in angular momentum.
In Gamow-Teller(GT) decays, Equation 1.3, which are the most abundant form of β
decays, the total angular momentum can change [11]. The Pauli spin operator, ~σ(i), allows
the Gamow-Teller operator to connect these different spin states, specifically between spin
orbit partners in single particle orbitals. Thus, the isospin and total angular momentum of
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Figure 1.2: Schematic for illustrating the connection between the strength distribution,
Sβ, and measured branching ratio, Iβ, expressed in formula 1.1. The strength above Sn can
and most likely will lead to beta-delayed neutron emission. The Fermi integral, f, greatly
enhances the beta strength distribution for higher excitation energies.
the system can change by ±1 or 0 units, but the parity and orbital angular momentum can
not change [25].
The matrix element responsible for forbidden type decays is about 100 times or more
lower than the allowed decays [23]. First forbidden(FF) decays, the most prominent type
of forbidden decays, always involve a change in parity and an orbital angular momentum
change of ±1. The reason for this is the leptons carrying away some angular momentum.
This leads to the total angular momentum being able to change by 0, 1, or 2 units. The
parity change is brought on by the electron and anti-neutrino coupling to an odd value of
angular momentum [25].
1.2.3 β-n Decay
For the more neutron-rich nuclei the beta decay Q value becomes so large that the excitation
energy of the states populated in the decay daughter may exceed the neutron separation
energy in the daughter. Consequently, a neutron can be emitted from the decay daughter
nucleus, as can be seen in Figure 1.3, Figure 1.4 and Figure 1.5. As more neutrons are added
to a nucleus the beta decay energy, Qβ, increases while the neutron separation energy, Sn,
decreases. This increases the likelihood for a neutron to be emitted from an excited state
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in the emitter nucleus. This will happen if the parent nucleus decays into a highly excited
state in the daughter nucleus above the neutron separation energy [25, 45].
Measurement of coincident gamma rays with the emitted neutrons from the daughter
allows for a full understanding of how the decay process proceeded energetically.
Figure 1.3: Schematic depicting the beta-delayed neutron process. The process starts
with the precursor nucleus beta decaying to the emitter nucleus, and proceeds with neutron
emission to the daughter nucleus if the emitter nucleus is energetically above the neutron
separation energy , Sn, value. The daughter may then emit a gamma ray if it is in an excited
state.
1.3 Motivation for Studying β-n Decay
Multiple disciplines benefit from measurements of neutron-rich nuclei. The rapid neutron
capture process (r-process) takes place in this region near doubly magic 132Sn, and this
region is home to the fission products of heavy isotopes. As such, both nuclear reactor
design and stockpile stewardship require information from this part of the nuclear landscape.
Additionally, theoretical models use experimental results to test the model against [19, 20].
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Figure 1.4: Qβ-Sn values across known nuclei [39, 54]. A larger Qβ-Sn value provides for
a higher probability of the emitter nucleus being above the neutron separation energy, and
beta-delayed neutron emission occurring. The doubly magic region near 132Sn has a large
Qβ-Sn value, and beta-delayed neutron emission is likely.
1.3.1 R-Process
The r-process is an astrophysical mechanism that involves very neutron-rich nuclei. It
is a rapid neutron capture by these neutron-rich isotopes followed by β decay or photo-
disintegration. It is thought to occur in some types of supernovae as well as neutron star
mergers, but it is not conclusively determined [52]. The heaviest element that is able to be
created via stellar fusion is 56Fe. The r-process provides an explanation to the abundances
of elements observed in the universe that are heavier than that which can be made solely in
stellar fusion [46].
The higher abundances of some nuclei are possibly due to areas of the nuclear landscape
where neutron capture cross-sections are lower and decay half lives are longer. This lower
cross section and lower neutron binding energy causes a waiting point in the r-process path,
since multiple beta decays may be required before significant neutron capture can resume
due to the neutron binding energy increasing [46].
To make models of the r-process more robust, neutron capture cross sections and beta
decay half lives need to be determined experimentally[46]. Furthermore, these data allow
for limits on the duration of galactic nucleosynthesis, the age of the galaxy and the age of
the universe. This is due to the creation of important long lived nuclear chronometers such
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Figure 1.5: Subset of the nuclear chart. The green squares show the relative fission yields
for numerous isotopes. The blue squares show the beta-delayed neutron emission probability
for the various isotopes. 135Sb and 136Sb both are produced from the fission of 238U and have
the potential for beta-delayed neutron emission.
as 235,235U and 232Th [46, 8]. An example of a possible r-process path in this region can be
seen in Figure 1.6. The importance of beta-delayed neutrons in the r-process can be seen in
the work of Surman et al. and Mumpower et al. [50, 37].
Beta-delayed neutron emission provides an additional source of neutrons to the system
to use for addition neutron capture. Additionally it plays a roll in important in producing
the final observed abundance pattern, see Figure 1.7 [37, 38].
A recently observed neutron star merger producing a kilonova event provided the first
direct observations of the r-process in action. The radioactive decays that produced the
optical emission provided strong evidence that the r-process occurs in a neutron star merger
[1, 18]. In a neutron star merger, being a “cold” process compared to a supernova explosion,
neutron-rich isotopes further from stability are created since the limiting factor to the neutron
capture halting is due to the beta decay of the nuclei instead of the photo-dissociation.
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Figure 1.6: Expected fission yields for CARIBU [14, 41]. The red line shows a possible
path for the extent of the r-process. 135−136Sb lie near or on this possible path.
1.3.2 Nuclear Structure and the Nuclear Shell Model
The waiting points of the r-process happen along specific nucleon numbers. These numbers
are associated to the filled neutron shells. It is thought that, similar to electron orbitals, both
protons and neutrons fill orbitals from lowest energy to highest energy, following the Pauli
exclusion principle. When specific orbitals are filled, occurring for specific “magic” numbers,
a shell is closed and the next orbital typically has a much higher energy, thus creating
a shell gap. It is this shell gap that causes a much lower neutron capture cross section,
creating waiting points [46, 25]. The shell structure also accounts for a low neutron binding
energy allowing for neutrons to easily dissociate in the region of the r-process. Experimental
information for nuclei around these shell closures provides important input for many shell
model calculation codes. Additionally, the r-process abundance peaks are due to shell effects.
For example the A=130 peak is due to the N=82 shell closure, while the A=190 rare-earth
peak is due to the N=126 shell closure [51].
The Nuclear Shell Model
The nuclear shell model for protons and neutrons is similar to that of the atomic shell
model for electrons. The model describes the nucleons in the nucleus as being assigned to
specific energy levels described as oscillator shells provided by a harmonic oscillator basis,
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Figure 1.7: Nuclear flow for the r-process in a neutron star merger as specified by
Mumpower et al. at the neutron exhaustion phase [37]. 135−136Sb lie in the identified region.
The gray squares are beta-delayed neutron emitters, and the colors correspond to the relative
isotopic abundances at this time.
with additional interaction terms between nucleons. Nucleons of the same type fill these
shells, with the neutrons and protons considered separately from each other. Additionally
they follow the Pauli exclusion principle, where two nucleons can fill each shell as long as
their spins are opposite.
With the addition of the spin-orbit interaction the harmonic oscillator potential
reproduces the so called ”magic” numbers of nucleons, those numbers being 2, 8, 20, 28,
50, 82 and 126. These magic numbers match up to those observed as jumps in the atomic
radius and the ionization energy when plotted versus proton number[32, 33, 34, 35, 25].
1.3.3 Nuclear Power
Fission reactor design requires intensive modeling of fission reaction related processes to be
designed safely and efficiently. Designers need to take into account the energy distribution of
the neutrons, as well as account for the number of neutrons emitted from fission fragments.
Even though delayed neutrons constitute less then one percent of the total neutron emission
due to fission, knowledge of the abundance and energies of these neutrons is needed to ensure
correct modeling [8, 48].
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Delayed neutrons play two important roles in the operation of nuclear reactors, sustaining
criticality and residual decay heat. Assumptions, like approximating the energy spectrum
for fission neutrons and delayed neutrons to be identical, for criticality approximations are
incorrect and could lead to unexpected results during operations of reactors [48, 40, 21]. The
prompt fission neutrons happen on too short a timescale to have a controllable reaction, thus
beta-delayed neutrons are what actually drives the control fission of the nuclear fuel, since
the timescale of beta-delayed neutrons allows for time to control the fission reaction. Not
accounting for delayed neutrons correctly could lead to inconsistencies fuel consumption and
power output. The delayed neutron contribution to excess decay heat could lead to safety
concerns if not accounted for correctly. This is especially true for reactors where delayed
neutron precursors are transported away from the reactor core region, and could result in a
loss of reactor control [8, 27].
1.3.4 Stockpile Stewardship
Research of these neutron-rich nuclei provides basic insight to how the nuclear arsenal is
aging, since nuclear tests have been barred since the early 1990’s. Beta decay strengths,
neutron capture cross sections, level feeding information and level lifetimes provide inputs
needed for modeling the decay of the nuclear stockpile. However, much of the fundamental
data for many β-n decaying nuclei has yet to be measured [48].
1.4 132Sn Region
The 132Sn region of the nuclear chart is a structurally interesting region of the nuclear chart.
132Sn is one of the few ”doubly magic” nuclei, where both the proton shell and the neutron
shell are completely full, at proton number Z=50 and neutron number N=82 respectively.
Any addition protons or neutrons would be placed in the next shell above the full one, with
a large energy difference of about 5 MeV, known as the shell gap, lingering between the new
shell and the previously full shell.
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1.4.1 Decay of 135−136Sb
The beta decay and delayed neutron emission of 135Sb and 136Sb are in general similar to
each other. Figures 1.8 and 1.9 show a simple representation of the nuclear structure for
135Sb, and Figure 1.10 shows a detailed view of the specific proton and neutron shells of
interest.
135Sb has a proton number Z=51 and a neutron number N=84. Thus both the proton
Z=50 shell and the neutron N=82 shell, both associated with magic numbers, are full. This
leaves 2 neutrons located in the next level beyond the N=82 shell closure due to the . This
next level, which energetically is the 2f7/2, lies approximately 5 MeV above the closed N=82
shell, creating what is known as a shell gap. This shell gap will play an important role with
regards to beta-delayed neutron emission.
In the beta decay process a neutron is transformed into a proton, see Figure 1.9. For
135Sb and 136Sb, the neutron that is most likely to transform is located inside the N=82
closed shell core. This is due to the 1g9/2 proton orbital being full and the corresponding
proton 2f7/2 orbital being energetically unattainable. A transformation of a valence neutron
in the 2f7/2 level would need to be of the first forbidden type of beta decay. Thus the beta
decay proceeds via the Gamow-Teller type of beta decay between spin-orbit partners, as can
be seen in Figure 1.10.
Because the proton 1g9/2 orbital near the Fermi energy is fully occupied the decay of a
neutron located in the N=82 shell closure proceeds to a spin orbit partner located above the
Z=50 shell closure. This leaves a vacancy in the neutron core, and since there are neutrons
located in the level above the 5 MeV shell gap, the nucleus is left in a highly energetic state.
The excited nucleus has two options. The first is to de-excite via gamma ray emission.
The second, and much more likely option if the nucleus is excited beyond the neutron
separation energy, is to de-excite via the emission of a neutron, see Figure 1.9. After the
emission of a neutron the daughter nucleus may still be in an excited state, and gamma ray
emission may proceed, see figure 1.3.
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The decay of 136Sb proceeds in a similar manner, simply with the addition of another
neutron to the valance shell. This mechanism for beta-delayed neutron emission as a source
of high energy neutrons was described in Madurga et al. for N>50 nuclei near 78Ni [28].
Figure 1.8: Basic schematic of the beta decay process for 135Sb (Z=51, N=84). Decay from
inside the closed neutron shell core and having neutrons in the shell above the 5 MeV shell
gap leaves the beta decay daughter nucleus in a highly excited state, thus allowing for the
emission of a beta-delayed neutron. The decay of 136Sb proceeds in a very similar manner,
simply with an additional neutron positioned in the shell above the N=82 shell gap.
1.5 Previous Results
Neutron spectroscopy measurement of 135Sb beta-delayed neutron emission has been
previously done, but no neutron spectroscopic results of 136Sb have been published.
For the 135Sb, it was measured back in the late 1970s by Kratz et al.. They measured
fission products produced by neutron induced fission of 235U at the Mainz TRIGA reactor.
The 135Sb isotope was chemically separated and the beta-delayed neutron emission was
measured using two 3He ionization chambers. These ionization chambers had a resolution
of 12 keV for thermal neutrons and 20 keV for 1 MeV neutrons.
Neutron energy spectra were produced, see Figure 1.11, and the B(GT) values were
calculated, see Figure 1.12a and Figure 1.12b. Using optical model calculations transmission
coefficient ratios were derived, and the partial neutron emission probabilities to excited states
in 134Te, the beta-delayed neutron daughter, were obtained by summing the intensities of
correlated neutron transitions[26]. Additionally, Hoff et al. performed a re-analysis of the
experiment that Kratz performed [15, 16, 17].
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Figure 1.9: A more detailed schematic of the allowed beta decay process for 135Sb (Z=51,
N=84). Decay from inside the closed neutron shell core and having neutrons in the shell
above the 5 MeV shell gap leaves the beta decay daughter nucleus in a highly excited state,
thus allowing for the emission of a beta-delayed neutron. The decay of 136Sb proceeds in
a very similar manner, simply with an additional neutron positioned in the shell above the
N=82 shell gap.
Due to the nature of 3He ionization chambers, which have a very good energy resolution,
but very bad efficiency for neutron energies in the MeV range, see Figure 1.13, the
confirmation or improvement of the reported B(GT), especially for higher energies, was
one of the main goals of the VANDLE experiment. Additionally, coincident gamma rays to
the emitted neutrons would also be examined and improve the understanding of beta-delayed
neutron emission of 135Sb.
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Figure 1.10: Detailed Shell Model diagram showing available Gamow-Teller and First
Forbidden decay options for the 132Sn region with single particle energies adopted from
Grawe et al. [12]. The 1g9/2 proton shell is blocked for
135−136Sb decay since the 1g9/2 shell
is full. The beta decay will occur between spin-orbit partners for the core via Gamow-Teller
type decay highlighted by the arrows (left).
Figure 1.11: Neutron energy spectrum corrected for detector response measured by Kratz
et al.[26].
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(a) B(GT) previously reported by Kratz et al. and Hoff et al. in log
scale.
(b) B(GT) previously reported by Kratz et al. and Hoff et al. in
linear scale.
Figure 1.12: Previously reported B(GT) for 135Sb by Kratz et al. and Hoff et al. [26, 17].
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Figure 1.13: 3He ionization chamber neutron detection efficiency example measured by






2.1 The Versatile Array of Neutron Detectors at Low
Energy (VANDLE)
VANDLE is a modular time of flight(TOF) neutron detector used to detect beta-delayed
neutrons and for reaction studies [31, 30, 44]. The signals from VANDLE are used as the
stop signal for the neutron time of flight. VANDLE consists of EJ-200 plastic scintillator
bars of various sizes, coupled using optical epoxy to a photomultiplier tube(PMT) at each
end. For this experiment two different sized bars were used: the small bars of dimension
3x3x60 cm3, and the newly developed medium bars of dimension 3x6x120 cm3, see Figure
2.1.
Figure 2.1: Small (top) and medium (bottom) VANDLE modules. The medium module is
twice as long and twice as wide as the small module, while both are the same thickness.
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VANDLE works by the process of scintillation. Scintillation is a process of fluorescence.
Fluorescence is the process of emission of the emission of light from a substance following the
excitation of that substance. In organic scintillators, such as the plastic used in VANDLE,
the light produced from the fluorescence is due to transitions in the energy level structure
of single molecules. In the case of VANDLE, the neutrons to be detected recoil off part of
a molecule, most likely hydrogen, depositing some of their energy into that molecule. That
excited molecule then de-excites and produces the light for the photomultiplier tubes at the
end of the VANDLE bar to detect [22].
2.2 Development and Testing of Medium VANDLE
Modules
A new size of VANDLE module was developed prior to the CARIBU experimental run.
These medium VANDLE modules pair well with the small VANDLE modules and offer
similar properties. The small VANDLE bars are typically set up with a 50 cm neutron flight
path. The medium VANDLE bars are designed to be setup with a 100 cm neutron flight
path, and are double the width and length of the small bars in order to cover the same solid
angle as a small bar does at 50 cm. For a single medium bar at 100 cm or a single small bar
at 50 cm the solid angle is 0.0617 sr.
Having the longer flight path allows a better energy resolution. This is especially
important for higher energy neutrons, since the energy of the neutrons are derived from
their time of flight.
2.2.1 Construction of VANDLE detectors
To build the modules, the VANDLE plastic was first cleaned and then the ends were wet
sanded to provide for a better surface to epoxy the photomultiplier tubes to. After this was
done the VANDLE plastic was mounted vertically into a gluing frame. Once this was done,
optical epoxy was prepared and spread on the end of the VANDLE bar. The photomultiplier
tube was then centered on the epoxied end and the epoxy was left to cure. Once cured, the
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bars were flipped in the gluing frame and the other end was epoxied to a photomultiplier
tube, see Figure 2.2.
The small bars are then wrapped in nitrocellulose followed by a single sided aluminized
mylar. Instead of the nitrocellulose, the medium bars are wrapped in a double sided
aluminized mylar followed by the single sided aluminized mylar due to cost considerations,
see Figure 2.3. The wrapping materials provide a high internal reflection for the scintillation
light, as well as light tightness from outside sources [44].
Figure 2.2: Medium VANDLE modules in the gluing stand. The PMTs have been epoxied
to one end of the bar. After setting up for 24 hours the bars will be flipped in the stand and
then the other end will have a PMT epoxied to it.
2.2.2 Speed of Light in the Bar Test
The first test done to the newly built medium VANDLE modules was to find the effective
speed of light in the bar. To do this, a source was placed at specific locations on the detector
after the PMTs were gain matched to provide identical an output for when the source was
located at the center of the bar. By looking at the shift in the peak location for the time
difference between the two ends when plotted, the speed of light in the bar can be determined
and was found to be similar to that of the small bars, a value of 13.4 cm/ns. The error bars
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Figure 2.3: VANDLE modules in the process of getting wrap by students of the research
group. It is an intricate process where great care needs to be taken to not puncture holes in
the wrapping material.
are a result of the position resolution of the bar, about 6 cm. The results can be seen in
Figure 2.4.
2.2.3 Attenuation Length Test
The next test performed was checking the attenuation length of the bar. An attenuation
length longer that that of the physical bar length is what was needed for these new bars to
be viable to use in experiments. To perform this test, a source was placed on the bar at
specific locations. The position of the QDC peak was then monitored and the attenuation
length was found to be about 1.5 times the length of the new medium bars, or about 180
cm. The results can be seen in Figure 2.5.
2.2.4 Intrinsic Neutron Detection Efficiency Test
The final test preformed was the intrinsic detection efficiency of the medium bars. To do
this a medium bar was place horizontally next to a liquid scintillation detector. This liquid
detector has a known efficiency and would be used as a reference to calculate how many
neutrons were emitted per specific a solid angle. About 2 meters above the medium bar and
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Figure 2.4: Results of the speed of light test in the new medium VANDLE module. The
result is similar to the value for a small VANDLE module, 13.4 cm/ns. The error bars are
a result of the position resolution of the bar, about 6 cm.
the liquid detectors was a small trigger detector, see Figure 2.6. A 252Cf source was placed
on this trigger detector.
To perform the measurement three runs were needed; one where the neutrons had an
unobstructed path to the detectors, one where a shadow bar was placed over the VANDLE
module, and one where the shadow bar was placed over the liquid detector. This shadow
bar consisted of about 4 inch thick of bismuth blocks, used to block gamma rays coming
from the source, and about 8 inches of polyethylene, used to block neutrons coming from
the source.
The purpose of the shadow bar runs was to make it so the scattered background from
the non-shadowed run could be subtracted by allowing for a rate calculation where only
scattered gammas and neutrons being detected. Once the background was subtracted from
the non-shadow run, accounting for run time differences, the left-over histogram showed only
what the detectors detected for gammas and neutrons coming directly from the source.
Since the intrinsic efficiency of the liquid is well known, it was used to calibrate the
strength of the source. Factoring in the difference in the solid angle coverage of the medium
VANDLE bar versus that of the liquid scintillator detector, and knowing the number of
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Figure 2.5: Results of the attenuation length test in the new medium VANDLE bars. The
attenuation length, 180 cm, is longer than the medium module length, 120 cm, so events
that originate at one end of the module should be able to be detected at the other end.
neutrons at specific energies coming from the source, a value for the number of neutrons at
various energies passing through the bar was obtained. This value was compared to what
the bar actually detected at the given energy and a simple ratio gives the intrinsic efficiency
of the medium VANDLE modules. The results can be seen in Figure 2.7.
2.3 Beta Detector
For this experiment a new beta particle detector was developed to provide the start signals
for the neutron time of flight. A new beta detection system was necessary to improve the
results of VANDLE experiments.
2.3.1 Design Considerations
When creating the new design for the beta start detector a few important improvements were
thought out. To improve the overall performance detectors located close to the implantation
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Figure 2.6: The medium VANDLE efficiency test setup. A 252Cf source was place on that
start detector at the top of the frame. Shielding was placed above the VANDLE module to
block direct neutrons and gamma rays in order to subtract out scattered events that the bar
detected.
point with as little material as possible would be the key. At the same time, the detector
needed to be thin to prevent neutrons from interacting and scattering off of the beta detector.
Putting a very thin detector in vacuum solved these problems. By having the detector
in vacuum the beta particles did not have to travel through air, or through beam pipe. It
would also allow the detectors to be place very closely around the moving tape collector’s
tape turnaround guide, see Figure 2.8 and Figure 2.9. This would allow for a large geometric
efficiency due to the angular coverage of the detector.
Also, it was learned at a prior experiment that placing the beta detector outside of the
beam pipe hindered the experimental beta detection threshold. Putting the beta detection
system in vacuum provided for a detection threshold around 500 keV.
2.3.2 Beta Detector Physical Design
The beta detector consists of four thin scintillating plastic detectors, with a silicon
photomultiplier(SiPM), see Figure 2.10, optically coupled with optical epoxy to each end.
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Figure 2.7: Results of the intrinsic efficiency test in the new medium VANDLE bars for
various thresholds [44].
The plastic is EJ-200, the same as VANDLE, and is 0.2x4x12 cm3. The SiPMs are the low
noise versions from SensL, and the active detecting area is 6x6 mm2 [49].
Each detector is wrapped in a thin layer of Teflon tape for internal reflection of the
scintillation light as well as to keep one module from detecting light produced from a different
module. The four detectors are mounted inside a 4 inch diameter beam pipe. They are
mounted using thin stainless steel wire into an aluminum frame, see Figure 2.8.
Mounting the detectors in vacuum so close to the radioactive implantation source point
allows for large angular coverage and low energy beta particle detection. The detector
sitting in the frame as pictured in Figure 2.8 were located about 2.9 cm from the center of
the implantation spot.
The timing of the detector was also improved since the scintillation light was read out
from ends. The new design improved the timing from 3 ns to 1.5 ns. This improves the
neutron energy resolution. Also, due to their small form factor, the SiPMs contribute very
little to neutron scattering.
For a single detector at this distance the angular coverage is 2.053 sr. For the system
containing 4 detectors the angular coverage was 8.214 sr, or 65% of 4π.
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Figure 2.8: Beta detector built using SiPMs to allow for in vacuum use. The detector
consisted of four beta detection modules with a SiPM on each end. The signals were routed
to a vacuum feed-through for use by the detection system.
The SiPMs are each plugged into in-house made wiring harnesses to implement the
recommended SiPM circuitry, see Figure 2.11. These harnesses are wired to provide the
necessary voltage to the SiPM, as well as read out the two signals provided by the detector.
The two signals consist of a fast timing signal and a slow energy signal. The signals were
read out of the chamber through a 50-pin vacuum feed through.
The SiPM operates in an avalanche mode. The detected photon transfers its energy to a
valence electron, pushing it into the conduction band. This creates an electron-hole pair. A
high electric field in the depletion region allows the charge carrier sufficient energy to create
more charged pairs. This provides the amplification of the signal.
The timing signals have a width of about 20 ns. These signals have a very small amplitude
and require a preamplifier for our data acquisition system to detect. The energy signals have
a width around 500 ns, and don’t require the use of preamplifier. These signals can be seen
in Figure 2.12.
Due to the narrow width of the fast timing signals, these were used as the start signal
for the time of flight of the neutrons. Fitting the energy signals was explored as an option
to provide the start signal, but the performance of the timing of the system was not at the
level necessary to provide the best time of flight results.
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Figure 2.9: Drawing depicting relationship of beta detector to the Moving Tape Collector
(MTC).
Figure 2.10: SiPM detector from SensL [49].
2.3.3 Beta Detection System Experimental Efficiency
To determine the experimental efficiency of the beta detection system a comparison of gamma
ray spectra were used. Using the gamma rays detected by the HPGe detectors and comparing
the gamma rays detected by the same HPGe detectors, but also in coincidence with a beta
event the experimental beta system detection efficiency can be determined.
To process starts with fitting a specific gamma ray peak that is known to originate from
a beta decay event. The peaks were fit with a Gaussian function and the area of the peaks
was calculated based on the fit results. Taking a ratio of the areas between the gamma rays
in coincidence with a beta event to just gamma singles data allows for the calculation of the
beta detector efficiency as a function of the gamma ray energy.
To determine the beta detector efficiency as a function of electron energy, see Figure 2.13,
a conversion from gamma ray energy was needed. This conversion was done by first taking
a weighted average of the previously reported data for the neutron energies which feed into
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Figure 2.11: SiPM circuit schematic. This is what what used to create the wiring harnesses.
the states that emit the particular gamma ray. Using this as the average neutron energy
emitted to end up in the gamma emitting state, the electron energy Ee− can be calculated by
subtracting Sn, the level energy EL , and the average neutron energy from Qβ, see Equation
2.1. As can be seen in Figure 2.13, the beta detector efficiency is relatively constant at a
value around 55 percent.
Ee− = Qβ − Sn − EL − En (2.1)
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Figure 2.12: Comparison of the slow energy (yellow) and fast timing (blue) signals from
a SiPM [49]. The fast timing signal was used as the start signal for the time of flight
experiment.
Figure 2.13: Experimentally determined beta detection system efficiency as a function of




3.1 The Californium Rare Isotope Breeder Upgrade
(CARIBU)
The experiment took place in the spring of 2015 at the Californium Rare Isotope Breeder
Upgrade(CARIBU) at Argonne National Laboratory(ANL). This is a new facility, and is
designed to provide beam variety that has been hard to reach at other facilities using different
technologies and methods. CARIBU was chosen due to the estimated rates, see Figure 3.1.
3.2 Beam Production
A strong, around 1.25 Ci, 252Cf source is used to create the beam. The source, provided by
facilities at Oak Ridge National Laboratory, is deposited on a tantalum backing. Spontaneous
fission of the 252Cf source occurs and fission fragments from the source are emitted from the
source in a solid angle of 2π coming off the backing material.
The fission fragments from the source are then collected in a gas catcher, see Figure 3.2.
This gas catcher, consisting of high purity helium gas, thermalizes the fission fragments as
singly or double charged ions. By using RF, DC and gas flow, the fission fragments are then
extracted. Finally, the neutron rich radioactive isotopes are then transported through an
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Figure 3.1: Expected beam rates, in ions per second, of the CARIBU facility[14]. A beam
rate of around 104 ions per second was expected for the nuclei of interest.
isobar separator with a resolving power of 1:20,000 to provide the purest beam possible for
the experiment, and then the beam is transported to the experimental end station [41, 47, 14].
3.3 Frame Design
The experiment was set up in the CARIBU hall, in the low energy area, see Figure 3.2. An
80/20 extruded aluminum frame was designed and built to hold the detector array. Both the
small and medium VANDLE bars were placed in aluminum ribs curved to their respective
flight path lengths of 50 cm and 100 cm. These ribs are mounted to aluminum brackets that
are located above the beam pipe. Aluminum was chosen over steel to reduce the neutron
scattering, as well as the shipping weight. The setup consisted of a total of 26 medium
VANDLE bars and 14 small VANDLE bars. The angular coverage of the medium VANDLE
modules was 1.605 sr, or 12.77% of 4π, and for the small VANDLE modules it was 0.864 sr,
or 6.88% of 4π. The experimental setup can be seen in Figures 3.3 and 3.4.
Mounted perpendicular to the beam pipe, at 45 degrees below horizontal, were two
High Purity Germanium(HPGe) Clover detectors to detect gamma rays from the decays.
They were mounted in this location to eliminate as much neutron scattering as possible. In
previous experiments some VANDLE bars were obscured from detecting neutrons directly
emanating from the implantation spot by the HPGe detectors, causing them to be useless
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Figure 3.2: Schematic of the CARIBU facility at Argonne National Laboratory [47]. The
VANDLE setup was positioned at the end-station closest to the 252Cf source.
in later analysis. Mounting the HPGe detectors this way allowed for as high a gamma ray
detection efficiency as possible, since the detectors could butt up against the beam pipe, but
at the same time every VANDLE bar had a clear flight path for neutrons coming from the
implantation point.
The radioactive beam was implanted onto the Moving Tape Collector(MTC) consisting
of a thin mylar tape and a shielded tape storage area [53]. The MTC was located at the back
end of the 80/20 frame, and the tape was fed through a small beam pipe to a turnaround
guide located at the implantation point in the central vacuum chamber.
This moving tape is used to allow for accumulation of the isotope of interest for a set
time, as well as a set period for decay of the isotope. After the decay period, the tape is
moved into the shielded holding box. This cuts down on the amount of decaying daughters
that are seen by the detection system.
For the 135Sb the MTC tape cycle was set to 6 seconds grow-in and 4 seconds decay.
This allowed for ample 135Sb to be deposited, and for about 2.5 half-lives to pass. For the
136Sb, the tape cycle was set to 6 seconds grow-in and 3 seconds decay, allowing for about
3.3 half-lives to occur.
The beta detector setup, see Figure 2.8 was located in the central vacuum chamber,
centered around the implantation point on the moving tape. The chamber wall was machined
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Figure 3.3: The VANDLE at CARIBU experimental setup. The setup was approximately
119” tall, 83” wide and 60” deep. The frame was designed using 80/20 extruded aluminum
and custom aluminum plates. Consideration was taken into reducing the amount of material
for neutrons to scatter off of, and to not obscure any of the VANDLE modules with other
detectors such as the HPGe clovers.
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(a) HPGe gamma ray detectors mounted
around the beam pipe.
(b) Channeltron detector
mounted inside the beam pipe
used for beam tuning.
(c) MTC tape turnaround that slides into
the center of the beta detector.
(d) Picture riding with the beam
looking at the MTC implantation
point in the center of the beta
detector.
Figure 3.4: Various pictures of the central components of the VANDLE at CARIBU
experimental setup.
down to about 1 mm thick to allow for as little material in the flight path of the neutrons.
Just upstream of the beta detector was the Channeltron detector and an aperture to stop
any errant beams that weren’t tuned to hit the MTC. The Channeltron detector was used
for beam tuning, via rate counting, and was taken out of the path of the beam for data runs.
3.4 Digital Data Acquisition
VANDLE was implemented using a digital electronics setup. Digital data acquisition
systems are becoming more common due to their advantages over analog electronics [2, 36].
Advantages of a digital acquisition system include lower detection thresholds and lower
hardware complexity needed to implement the integrated logic and signal processing. Digital
data acquisition setups also allow for pileup signals to be analyzed instead of ignored [24].
The lower detection thresholds are due to the on board coincidence requirements, and are
33
advantageous since post processing of the digital signals can be done to fine tune these
thresholds. Because of this, lower thresholds are used during the experimental data taking,
allowing for less of a chance that a setup error will cause good events to not be detected.
Since all the processing is done locally on the circuit boards, the amount of auxiliary
modules and cabling is reduced significantly. Implementation of an experiment is much
more user friendly and quicker. For instance, the physical setup of the VANDLE at CARIBU
experiment took only a few days using just three people. Dead time of the system is also
essentially zero, and digital signals, also called traces, are stored and can be accessed later
in off-line analysis to optimize necessary parameters used to analyze the traces [43].
XIA’s Pixie-16 digital acquisition boards, with 250 MHz digitizers, were used to acquire
all the various signals needed to perform the experiment. The analog signals are converted
to digital traces with on board analog to digital converters(ADCs). The traces are then sent
to on board field programmable gate arrays(FPGAs). The FPGAs process the logic, see
section 3.5, that is set for coincidences between start and stop signals to find the time of
flight. Signals are then passed to digital signal processors(DSPs) where pulse heights are
determined and time stamps are applied to each event[43, 42]. The data stream is then read
via a PCI connection into an acquisition computer for further analysis. See section 4.1 for
more details about the analysis software.
3.5 Triggering Logic
The triggering logic for the experiment can be seen in Figure 3.5. In order to try and only
take actual beta-delayed neutron events a quadruple coincidence was required on the system.
The first coincidence occurs in the beta detector system. For a TOF event a single beta
detector needs to detect an event. The SiPMs detect the light produced at both ends of the
detector. An AND gate is implemented between the two ends requiring both SiPMs of a
single beta detector to provide a signal. This will register as a beta event. Since there were
four beta detectors in the system, and only one beta particle is emitted per beta-delayed
neutron event, a single beta detector registering a beta event is enough to be considered
a trigger to provide the start time for the time of flight. To accomplish this an OR gate
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between the four beta modules is required, leading to the creation of a beta trigger, as seen
in Figure 3.5.
The coincidence logic then proceeds in a similar fashion to the beta detector for the
VANDLE detector. For detection of the neutron from a beta-delayed neutron event, a single
VANDLE detector needs to detect a neutron. Since there is one PMT at each end of the
VANDLE module, it is required that both ends produce a signal for the detector to register
an event. This is done through an AND gate in the logic scheme between the detector ends.
Figure 3.5: Experiment coincidence logic requiring quadruple coincidences for a time of
flight event to be recorded. Having this requirement significantly cuts down on erroneous
signals. The beta modules and the VANDLE modules are treated similarly, requiring both
ends to detect an event before a trigger is established.
Once again, since there are multiple of VANDLE detectors, consisting of 26 medium
modules and 14 small modules, an OR gate between these modules is required in the logic
to create a VANDLE trigger. Requiring an AND gate between a Beta trigger event and a
VANDLE trigger event, within a set time window, creates a time of flight event. This event
gets recorded by the system and read out from the Pixie system to the data acquisition
computer. To sum it up, both ends of a beta module and both ends of a VANDLE module
are required to register an event, hence a quadruple coincidence is required.
Additionally, there is a simple logic scheme used for the HPGe gamma ray detectors.
These detectors are run in singles mode, where every signal is recorded and no logic gates
are applied. Additionally, the beta detector signals are physically split before they are read
into the Pixie system. For the HPGe detectors the coincidence decisions are made in software
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post-processing. The first one of the split signals is used above for the time of flight quadruple
logic described above. The other of the split signals is fed to a separate Pixie board.
These signals are then subject to logic similar to the time of flight logic, but only the beta
portion. Thus, a beta module detects an event if both ends detect one, and after an AND
gate is applied to a single module, an OR gate is applied to the 4 beta modules, resulting in
a beta trigger that the system uses to calculate a decay start time.
Later on in software, an AND gate is applied between the gamma event and the beta
event in order to produce a gamma energy spectrum that is in coincidence with a beta event.
3.6 Gamma Ray Detection Efficiency
The gamma ray detection efficiency of the experimental setup was performed using a
calibrated mixed Europium source (152,154Eu) located at the implantation point and can
be seen in Figure 3.6. Using a well calibrated source allowed for easy calculation of the
activity of the source at the time it was used. The dead time of the digital system was
subtracted from the total run time to provide the active measurement time. With these
values a total number of source emitted gamma rays at specific energies can be estimated.
The peaks in the gamma ray energy spectrum were fit using Gaussian curves to calculate
the number of detected gamma rays at that energy. Dividing the measured quantity to the
actual number of gamma rays for each peak gave the gamma ray detection system efficiency.
Once the results were plotted over a large range of energies a fit was performed. This fit is
used in the calculation of the feeding intensity and B(GT), see Section 4.4 and Chapter 5.
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Figure 3.6: Experimental gamma ray detection efficiency. The efficiency was determined




4.1 Pixie Acquisition and Analysis Software Suite
(PAASS) with ROOT Output
The first step of VANDLE data analysis involves analyzing the digital signals collected
from the Pixie data acquisition system. To do this an in house program called the Pixie
Acquisition and Analysis Software Suite (PAASS) was used. C++ provides the background
for this modular software package.
An XML file is read in and used to specify a multitude of necessary things for PAASS to
continue with. One thing the XML file does is specify what type of detector was connected
to each channel in the Pixie system. It also specifies specific processors in the code are
needed to perform the analysis, the fit parameters for the fitting functions, detector logic
for creating coincidences and any calibrations that are necessary. PAASS then unpacks the
binary data file and analyzes the traces taken from the various detectors in the setup. An
event is then created from the data based of triggers that happened around the same time.
The event gets processed where the calibrations, fitting and calculations are applied.
Various calibrations are required to fully understand and correct the data. These include
energy calibrations for the HPGe gamma ray detectors, which are calibrated using sources
such as 60Co and 137Cs. Time calibrations are also done to align the time of flight for each
VANDLE bar with each other and to position the time of flight at the correct location. This
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accounts for any difference in factors such as cable lengths that may add a delay to the
incoming signal. These time calibrations are done by fitting the prompt gamma peak, seen
in the top left plot of Figure 4.1, and aligning it to the correct channel that corresponds to
the time of flight for a gamma ray, with velocity equal to the speed of light, based on the
flight path distance from the implantation point to the VANDLE module.
PAASS fits the traces using a custom fitting function created by the research group here
at the University of Tennessee. Equation 4.1 shows the function used to fit the VANDLE
traces. β is the decay constant for the exponential and γ describes the width of the inverted-
squared Gaussian that describes the leading edges of the trace. φ is the offset that provides
the phase of the signal. This fitting algorithm allows for sub-nanosecond timing on a digital
data acquisition system that has components that inherently would not provide this precision
on their own.[43]
f(t) = αe−(t−φ)/β(1− e−(t−φ)4/γ) (4.1)
By fitting a large number of traces for a specific detector type by granting all parameters
in the fitting equation to be free allow for an average value of β and γ to be found. By fixing
these values as constants, the fitting of traces is sped up significantly. Fixing β and γ defines
the shape of the signal, which is the same for all PMTs.
For the incoming traces from the fast timing signal provided by the beta trigger detector,
see Figure 2.12, a Gaussian function was used to do the fit. Similar to the previous equation,
a large number of traces were fit allowing every parameter in the Gaussian to be free, and an
average value was found for the parameter describing the width. By keeping this parameter
held constant, it speeds up the subsequent fitting of the traces.
Once the fitting is done, calculations can be performed to obtain values such as the time
of flight, the energy deposited in the VANDLE module, the signal to noise ratio of the trace,
and the time differences between detectors. All of these calculations can be used later to
make various cuts to clean up background events and explore other aspects of the data.
One thing that helped speed up the process of data analysis with PAASS was the addition
of outputting the data into ROOT tree structures. In the past pre-made histograms were
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created and filled by the analysis program. The downside to this is that the program was
very rigid, and code updates would be required for making small changes to the histogram
outputs. Additionally every time a change was made, all of the data would have to be
re-examined by the analysis code.
By outputting any values that could be of interest to use later to ROOT trees, only
one examination of the data is necessary. Once values are in the ROOT trees, histograms
with various cuts looking at any of the variables that were outputted to the tree could be
made in very little time simply by specifying said variables and cuts in a histogram creation
command.
One example correction that was made in ROOT after the initial data was analyzed was
the implementation of walk correction to the time of flight signals. It was noticed that the
gamma flash, seen in the upper left pane of Figure 4.1, had a bend to it as the QDC value
increased. Changes in signal amplitude affect the fit’s calculation of φ. This dependence
manifests itself as a bend in the time-of-flight gamma flash. The issue is that if the walk is
not corrected, the neutrons will be counted at an incorrect time of flight.
Taking QDC slices of the QDC vs. Time of Flight histogram and projecting down onto
the Time of Flight axis produces a Gaussian shape for the prompt gammas that make up the
gamma flash. This shape was fit in ROOT and the Gaussian average location was recorded.
Once all of the slices along the QDC axis had been fit, a fit was applied to the Gaussian
average as a function of QDC. The fit result is then applied to correct the time of flight as a
function of the QDC to produce a vertical gamma flash as seen in the figure. Additionally, a
shift correction was applied to precisely place the gamma flash and the correct time of flight
for the flight path length.
With this powerful new approach to looking at the various variables output, more
intricate ROOT macros were written to perform such things as gating cuts and background
subtraction. Figure 4.1 shows the output of a ROOT macro. In this example, the QDC can
be plotted against the time of flight with cuts to clean up the background. These cuts include
a signal to noise ratio cut on the beta trigger detectors, a cut to choose either the small or the
medium VANDLE modules, a cut to remove noisy VANDLE modules and a cut to only look
at data when the moving tape collector was stationary and thus beam either being deposited
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or the implanted isotopes were in the time alloted to allow for decay. Additionally, cuts on
specific gamma ray energies can be implemented when neutrons in coincidence with that
gamma ray energy are of interest.
Figure 4.1: Example of the output for a ROOT macro for the medium VANDLE modules.
The upper left plot shows QDC vs. Time of Flight with some cuts taken to clean up the
background. The prompt gammas can be seen just to the right of 0 ns and the neutrons
can be seen in the 50-100 ns range. Additionally a walk correction was applied. The upper
right shows a projection of the time of flight from inside the box shown in the first plot. The
bottom left shows a plot of the background, created by taking a cut like before but with the
time of flight shifted. The bottom right shows the result of subtracting the background from
the first projection.
A background subtraction method was also implemented in the ROOT macro. After
taking a projection of the region where neutrons are present, see the top left of Figure 4.1,
the time of flight can be shifted a few hundred ns and another projection can be made, see
the lower left plot of Figure 4.1. These two projections can then be subtracted to produce
a time-of-flight spectrum of what should essentially only neutrons, as shown in the lower
right plot of Figure 4.1. It is this last plot that will be used for estimating where neutron
resonances are located in further analysis, see Sections 4.3 and 4.4. Additionally, the shifted
background plot, the lower left plot of Figure 4.1, is used to set the estimated background
when applying the fitting algorithm.
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4.1.1 CARIBU Room Background
The background in the CARIBU experimental facility was high for running a VANDLE
experiment in, see Figure 4.4. This background proved to be a challenge that with cuts
applied in the experimental analysis could be remedied enough to perform the analysis of
the 135−136Sb. Figure 4.2 shows the gamma ray energy spectrum both with and without a
beta coincidence. Figure 4.3 shows gamma rays in coincidence with both betas and neutrons.
The high number of peaks shows how that the room gamma background was high.
Figure 4.2: Gamma ray energy plot without (blue) and with (red) beta coincidence taken
with the HPGe clover detectors over the course of the 135Sb run of a few days. The arrows
mark the gamma rays of interest from beta-delayed neutron emission. It also shows how
large the room gamma background was for the experiment
4.2 GEANT4 Simulations
In order to fully understand how the neutrons measured at the experiment interacted with
the detector setup, a simulation was needed. The simulation was originally developed by
Colorado School of Mines researcher S. Ilyushkin, and later refined by Rutgers University
post-doc A. Fijalkowska. The simulations were produced using GEANT4 [7], a widely used
toolkit in the physics community for simulating the way particles interact with matter.
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The first thing that was done was the creation of the experiment set up in the GEANT4
simulation space, see Figure 4.5. To provide the best simulation results, the detectors, MTC,
detector frame, beam pipe and other large and dense objects, such as the liquid nitrogen
dewar, were included. Each of these items were positioned in the simulation where they
were physically during the experiment, and each also had information on the material that
they were made of inputed into the simulation code. The materials that each component
was made of were included to best simulate how neutrons interacted with each element. For
example, dense objects made from steel will scatter more neutrons than lighter materials
such as aluminum.
After the setup was created in the simulation space, mono-energetic neutrons were
simulated originating from the implantation point. The mono-energetic neutrons were spread
via a Gaussian distribution to the experimental energy resolution calculated using the width
of the gamma flash, see Figure 4.6. The simulation used a large number of these neutrons
to simulate the response of the detector system. A ”tail” is created in the time of flight
spectrum by neutrons that scatter off of something before being detected by VANDLE.
The tail of the mono-energetic neutron response can be seen in Figure 4.7. If the neutrons
did not scatter the response should have a Gaussian shape. Referring to the Figure 4.7,
without any scattering the right side of the peak would tend toward zero around 95 ns.
Instead, the higher time of flight, and thus lower energy, side of the peak is extended out
past 150 ns, and in reality goes to infinity. These neutrons need to be considered in the final
analysis.
It is very important to understand the shape of this tail when performing calculations
on the real experimental data. Not taking this tail into account would cause a particular
energy neutron to be recorded as a lower energy neutron, thus throwing the final results for
the branching ratio and B(GT) off.
For example, a 1 MeV neutron will be detected to have a time of flight of 74 ns if it
directly goes to a medium VANDLE bar. If a 1 MeV neutron scatters off of the HPGe
detector it will arrive at a later time, for example 83 ns. This neutron would be recorded
as having an energy of 0.8 MeV. Not taking into account the scattered neutrons that are
detected would preferentially shift the beta strength to lower energies.
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Referring back to Figure 4.7, different modifications to the setup can be explored for
general knowledge and to help with future experimental designs. In the figure, the red
line corresponds to the time of flight response for mono-energetic neutrons with the entire
physical setup of the simulation taken into account.
One early goal of the experiment in its design phase was to reduce the scattering caused
by the frame holding the VANDLE modules. Thick steel was used as a frame in a previous
VANDLE experiment, and the neutron scattering was high. The blue line shows time of
flight response for the same mono-energetic neutrons, but the aluminum detector frame was
removed. As can be seen in the figure, specifically how the tail changes very little between
the red and blue lines, there was little scattering attributed to the detector frame, so that
upgrade was useful.
Referring once again to Figure 4.7, the green line represents the time of flight response for
mono-energetic neutrons but in this case the HPGe gamma ray detectors were removed from
the simulation. The tail region shows a larger difference between the green and red lines,
indicating that the HPGe detectors had a modest contribution to the amount of neutrons
scattered. This was to be expected. The main reasons were that the detectors were very
close to the implantation point where the neutrons originate from and they are also made of
dense materials such as steel and Germanium.
All in all, the frame design performed well and was a good improvement over previous
designs with respect to reducing neutron scattering. Unfortunately there is not much that
can be done about the HPGe gamma ray detectors as far as their neutron scattering is
concerned. The HPGe gamma ray detectors need to be located close to the implantation
point otherwise their detection efficiency will be too low to be of much use. Additionally, if
located further away, more HPGe detectors would be required to cover a similar solid angle.
This can become cost prohibitive due to the cost of each HPGe clover.
4.3 ROOT fitting
Once mono-energetic neutrons were simulated for various energies ranging across the Qβ −
Sn energy window these results were then fit using a Gaussian-Exponential-Exponential
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piecewise function, see Equation 4.2. It is a modification of Das’s simplified version of the
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In Equation 4.2, d1 and d2 are the tail offsets, λ1 and λ2 are the exponential constants,
µ is the centroid of the Gaussian and σ is the sigma of the Gaussian. The overall area of
the function is a1, thus the amplitudes a2 and a3 are defined by matching the respective
amplitudes at the crossing points d1 + λ1 and d2 + λ2. This function fits the simulated time
of flight response well, capturing both the peak as well as the tail, as can be seen in Figure
4.8.
ROOT has a built in fitting functionality. This built in functionality allows for a user to
specify a built in or a customized fitting equation to use, and it will perform a chi-squared
minimization to provide the best fit results for the free parameters of the supplied fitting
function.
The function used has seven free fitting parameters. To understand how the tail changes
over energy the simulation of the mono-energetic neutron response simulations was fit, which
allowed five of the seven fitting parameters of the fit function to be parameterized as a
function of time of flight.
Fitting the simulation first with the fit equation and then parameterizing some of the free
fitting parameters allows for simpler and faster fits of the experimental data when multiple
fits are required. Fixing some parameters defines the shape of the response curve. The
parameters that are left free are the location and amplitude.
After using the above equation to fit the simulated response for the mono-energetic
neutrons from the GEANT4 simulation and the parameterization for five of the parameters
was determined, the experimental data can be deconvoluted. In the example shown in
Figure 4.9, the time of flight projection with background events removed by using the shifted
background method described in Section 4.1.
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Multiple attempts were tested to see which combination of number of peaks, deconvo-
lution range and initial parameter values used to guide the minimizer. Various methods
were used to guide the choices of these values such as taking high QDC cuts and gating
on gamma rays. One simple method involved simply taking the previously reported results
for the neutron energy spectrum and supplying the same number of peaks at the associated
time of flight values.
Another method used was to start with a high QDC, essentially the energy deposited in
the VANDLE module, cut and then proceed with subsequently lower and lower QDC cuts,
see Figure 4.10. Looking at the time of flight projection, this method allows for one to see
high energy, low time of flight, peaks first, and then subsequent lower energy peaks will
start to fill in the spectrum as the QDC cut becomes lower. Smaller high energy peaks that
otherwise might be obscured due to the higher counts of lower energy peaks can be clearly
identified, and an initial fit peak can be set to be constrained to fit the high energy peak
seen.
4.4 Calculation Programs
Two programs written in C++ were used take the results of the ROOT fitting code and
calculate the level feeding intensity, Iβ, and the B(GT) strength function. The intensity
calculation code first reads in the results of the ROOT fitting code for both neutron singles
data as well as neutrons gated on a specific gamma ray. It then calculates the direct neutron
level feeding to various energy levels based on the deconvolution results for the singles and
gamma gated neutrons, and then outputs these results for later use.
The B(GT) calculation program first defines basic info about the decay, such as Qβ of the
mother, Sn of the emitter, T1/2 of the mother, and the proton number of the emitter, which
is used in the calculation of the Fermi integral. The program then imports the results of the
level feeding intensity provided by the previous program. It then unfolds the level feeding
intensity using the Fermi integral to calculate the final B(GT) values for given energies.
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A third simple code takes the results of the B(GT) calculation, which are in 1 keV per bin
and sums them into whatever binning the user specifies. The results for this experiment are
binned to 200 keV per bin so a consistent comparison could be made to previous experiments.
4.5 Shell Model Calculations
Shell model calculations were performed by the research group to compare the experimental
results to. The calculations were performed with the NuShellX code using a modified sn100pn
interaction [5, 4]. The model space was the jj55pn model space with the addition of the f7/2
orbital. Single particle energies were derived from previous experimental work from the
region [12]. B(GT) results of the calculations can be seen in Chapter 5.
Decays from the f7/2 neutron orbital were blocked in the simulation. Decays from this
level would be of the first forbidden variety. Previous results for the decay of nuclei above
doubly magic nuclei show that the decay is dominated by neutrons decaying out of the core.
By blocking interactions with the f7/2 orbital the shell model calculations can be performed
in a much shorter time. A test was run to check the validity of this where the f7/2 orbital
was not blocked, and identical B(GT) results were achieved.
4.6 Accounting for Missing Signals due to Limited
Dynamic Range of the Digitizer
Due to an error during the experimental setup that unfortunately was not found, the Medium
VANDLE modules are missing data for high QDC values. The detector biases were set too
high for the gain setting of the data acquisition system. As a result, events with a QDC
above a value around 20,000 QDC units, equivalent to about 280 keVee or about 1.3 MeV
neutrons, were cut off.
To try and correct for this in the calculations the intrinsic detector efficiency had applied
to it a correction function. This function essentially would lower the detection efficiency to
correct for the missed counts. Luckily the small modules were setup correctly, and since they
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behave similarly to the medium VANDLE modules, they were able to be used to correct for
the missing data.
To find the correction function, an equivalent QDC cut off was implemented on the small
VANDLE data. First, the data was shifted to what it would be for an equivalent flight
path length of the medium VANDLE modules. Then the QDC cut was implemented. The
result of this test was compared to the shifted original data to find the ratio between the
two. This ratio represents what percentage of counts were missed over the range of time of
flight. Fitting this result with a Gaussian gave the correction function that would need to
be applied to the medium VANDLE efficiency.
Applying the correction function to the efficiency resulted in a lower detection efficiency
for high energy neutrons. Since the missed counts were at the high end of the QDC, the
efficiency for energies below 750 keV did not need to be corrected since a neutron below that
energy could not deposit enough energy to have a QDC above the cut-off value.
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Figure 4.3: Gamma rays in coincidence with betas and neutrons for 135Sb and 136Sb. This
was the first time neutrons and gamma rays were measured simultaneously for these isotopes.
(a) QDC vs. TOF of the small
VANDLE modules.
(b) QDC vs. TOF of the medium
VANDLE modules.
(c) QDC vs TOF example for a
low background experiment with the
medium VANDLE modules.
Figure 4.4: QDC vs. TOF for the small VANDLE modules (left), the medium VANDLE
modules (right), and an example of a low background VANDLE experiment (bottom). The
high room background in CARIBU made for a difficult analysis.
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Figure 4.5: GEANT4 simulation of the experimental setup. Some frame pieces have been
hidden for clarity.
Figure 4.6: GEANT4 simulation of neutrons originating from the implantation source and
how they interact with the experimental setup. The green lines show the neutron tracks for
each individual neutron. The yellow highlighting around certain VANDLE modules signifies
a neutron was detected in that particular module.
50
Figure 4.7: GEANT4 simulation of the time of flight response for mono-energetic neutrons.
A Gaussian spread has been applied to re-create the experimental energy resolution of
VANDLE. The red line corresponds to the entirety of the simulation where all physical
elements of the setup were included. The blue line shows the response if the detector frame
is removed. As can be seen, little scattering was caused by the frame itself. The red line shows
the response if the HPGe detectors are removed. These detectors caused some scattering as
can be seen in the tail region around 100 ns.
Figure 4.8: Result of Gaussian-Exponential-Exponential fit function (pink) compared to
the time of flight response for simulated mono-energetic neutrons (blue) for a medium
VANDLE detector detecting neutrons at 1 MeV. The function captures both the peak and
the tail well. Fitting a variety of simulated responses across various neutron energies allows
for the tail to be parametrized versus energy.
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Figure 4.9: Example of a deconvolution of the medium VANDLE data using multiple peaks
to the experiment data. The blue lines are individual fits of neutron resonances, while the
pink line is the summation of the individual fits providing the deconvolution. The results of
the deconvolution would then be used in the level feeding intensity and B(GT) calculations.
Multiple attempts are used to find the best deconvolution. These attempts vary in the
number of peaks used, the deconvolution range, and the initial parameters used to guide the
deconvolution minimizer.
(a) QDC vs. TOF with a QDC > 12000.
(b) QDC vs. TOF with a QDC > 6000.
Figure 4.10: Representation of the procedure of using QDC cuts to help identify peaks in




The isotopes 135Sb and 136Sb are important beta-delayed neutron emitters since they are
abundantly produced as fission fragments from 238U. The focus of the analysis on 135Sb and
136Sb are their respective strength distributions and their shell model descriptions. The shell
model calculation once proven can be used to predict the properties of more exotic isotopes
in the region.
5.1 135Sb Results
Presented first are the results for 135Sb. Higher statistics than the 136Sb made it easier
to test that the newly developed fitting algorithm performed as expected. Additionally,
since the there were enough statistics to produce B(GT) results from both the small and
medium VANDLE modules, it provided a way to both verify that the new medium VANDLE
modules performed as expected since their results can be compared to the results of the small
VANDLE modules which have been used in prior experiments. Additionally, it provided a
way to check the validity of the extracted B(GT) distribution, especially at high energies.
Having the two sets of modules essentially allowed us to run two experiments simultaneously.
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5.1.1 135Sb In the Small VANDLE Detectors
To calculate the feeding intensity Iβ and ultimately the B(GT) deconvolution of the spectrum
was performed with neutron time of flight distributions. First, the deconvolution of the
neutron TOF spectrum was performed on data with no coincident gamma rays, also know
as neutron singles. Subsequently, the TOF data with neutrons that are in coincidence with
specific gamma rays was analyzed. The deconvolution results for the neutron singles are
shown in Figure 5.1. The starting locations and number of peaks were varied to produce the
best fit of the data.
Figure 5.1: Deconvolution of the neutron singles data for 135Sb for the Small VANDLE
modules. A non-linear background was used to account for the gamma flash tail and the
high energy (low time of flight) neutrons overlapping.
As can be seen in the figure, the fit function of Section 4.3 produces a good fit of the
neutron time of flight data. For this particular deconvolution a non-linear background
was used. The reason that a non-linear background was needed was that the tail of the
gamma flash was encroaching upon the high energy (low time of flight) region of the neutron
spectrum.
Figures 5.2a, 5.2b, 5.2c show the deconvolution of neutrons in coincidence with the 1279
keV, 297 keV and 115 keV gamma rays. Starting locations and number of peaks were
estimated by looking for both having a good peak to background ratio and the correct width
of the neutron response curve for that particular energy (time of flight).
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(a) Neutrons in coincidence
with the 1279 keV gamma
ray.
(b) Neutrons in coincidence
with the 297 keV gamma
ray.
(c) Neutrons in coincidence
with the 115 keV gamma
ray.
Figure 5.2: Deconvolution of the neutron spectra in coincidence with the 1279 keV gamma
ray (left), the 297 keV (center), and the 115 keV gamma ray (right) for the small VANDLE
modules.
To help estimate where to set the locations for high energy (low time of flight) neutron
resonances a high QDC projection was made. Cutting the QDC at 12,500 QDC units allowed
for both the tail of the gamma flash to be eliminated as well as the random background to be
lowered. Additionally, lower energy neutrons would be eliminated due to not having enough
energy to produce a light output in the VANDLE module higher than the QDC cut. All of
this helps to enhance the higher energy neutron resonances.
The deconvolution of the high QDC cut can be seen in Figure 5.3. The deconvolution was
mainly done to provide guidance and reassurance that the low time of flight (high energy)
peaks in the neutron singles spectrum are correctly identified. These peaks, although small,
are essential in the B(GT) calculation, since the Fermi integral value is small for higher
energies.
The results of the deconvolution were then used in a C++ code written to calculate Iβ,
the feeding intensity. The results can be seen in Figure 5.4. In the code, the gamma decay
chain of the 115 keV gamma ray feeding into the level that emits the 297 keV gamma ray,
followed by feeding into the level that emits the 1279 keV gamma ray, and finally feeding into
the ground state was recreated. This allowed for an accurate representation of the feeding
intensity by accounting for neutrons in coincidence with gammas.
Accounting for this allows the correct placement of the beta feeding by shifting the
energy of the neutron higher by the value of the excitation energy of the gamma-decaying
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Figure 5.3: Deconvolution of the neutron singles data for 135Sb for the small VANDLE
modules with a high QDC cut at 12,500 QDC units. Applying this cut removes lower energy
neutrons and background from the room and gamma flash. The deconvolution was used to
guide the location of high energy resonances as well as prove that the high energy resonances
deconvolve in the full data set truly exist. The two peaks identified correspond to neutrons
with energies of about 2.5 MeV and 1.9 MeV.
level populated by the neutron. This accounts for the correct percentage of feeding from
higher energy states that otherwise would be shifted low if only a neutron singles spectrum
was deconvolved.
Additionally, the feeding intensity code applies a Gaussian spread based on the energy
of the peaks and the results from the GEANT4 simulation. Another check that was
implemented was a sigma cut-off value of the energy. This was implemented to provide
a set confidence level in the results. It also removed the spurious spike in the calculated
B(GT) near the Qβ value.
To implement the cut-off based on sigma, the highest energy neutron resonance was
found. Then sigma was calculated based off of that resonance. A value input by the user
lets the code know what sigma confidence value to use (x) and then the code calculates the
cut-off energy as the sum of the neutron separations energy, the highest neutron resonance
energy and the product of the user sigma confidence value times sigma at the neutron energy,
see Equation 5.1. For the small VANDLE modules a sigma confidence value of 2 was used.
Ecutoff = Sn + En + x ∗ σ (5.1)
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Figure 5.4: The 135Sb feeding intensity, Iβ, for the small VANDLE modules. A confidence
energy cut-off of two sigma was implemented at high energy.
To calculate the feeding intensity the number of total decays was needed. This was
calculated by using a gamma ray with a know branching ratio. Using the 1279 keV gamma
ray the number of decays was calculated as 16,728,044. This value was calculated by taking
the area of the peak, P(A), of the gamma ray in the gamma spectrum and dividing by the
gamma ray detection efficiency, ε, at that energy multiplied by the absolute branching ratio,
BR, as can be seen in Equation 5.2.
Ndecays = P (A)/(ε ∗BR) (5.2)
When performing the initial calculations of the feeding intensity the βn feeding
percentage, Pn, was lower than the reported value. Further investigation as to why this
occurred will need to be performed. It is our hope that the data analysis program is throwing
out good data that it is flagging as bad data by mistake. This further investigation will be
done to provided even better results for a future publication.
After applying a correction factor of 5.23 the previously reported Pn value of 24 percent
was achieved. This feeding intensity, shown in Figure 5.4, is plotted without accounting for
the Sn value.
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The final step of the analysis is the calculation of the B(GT). The B(GT) calculation
code takes the results of the feeding intensity and unfolds the Fermi integral. Additionally
it applies the Sn value and calculates the error in the B(GT). The results of the B(GT)
calculation can be seen in Figure 5.5. The results are binned to 200 keV. Further discussion
of the results can be found in Section 6.2.
Figure 5.5: 135Sb B(GT) result for the small VANDLE modules with comparison to the
shell model calculation and the previous result by Hoff et al.[17].
5.1.2 135Sb In Medium VANDLE
Similar to the small VANDLE modules, the feeding intensity and B(GT) were calculated
after deconvolution of the time of flight date was performed. The deconvolution were once
again performed on neutron singles as well as on neutrons in coincidence with the 1279 keV,
297 keV, and 115 keV gamma rays associated with various excited levels in the beta-delayed
daughter nucleus. The results of the deconvolution can be found in Figures 5.6, 5.7a, 5.7b
and 5.7c.
Once again the deconvolution of the neutron singles data fits the data well. The
deconvolution was able to use a flat background to try and mitigate any erroneous counts in
the neutron region of the time of flight.
The deconvolution of the neutrons in coincidence with the gamma rays of interest
proceeded in a similar fashion to those done for the small VANDLE modules. The starting
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Figure 5.6: Deconvolution of the neutron singles data for 135Sb for the medium VANDLE
modules.
peak locations and number of peaks was once again guided by estimating locations based
on a high count to background ratio. Additionally, having results from both the small and
medium VANDLE modules allowed for a cross reference to be performed between the location
of the resultant resonances of the deconvolution.
(a) Neutrons in coincidence
with the 1279 keV gamma
ray.
(b) Neutrons in coincidence
with the 297 keV gamma
ray.
(c) Neutrons in coincidence
with the 115 keV gamma
ray.
Figure 5.7: Deconvolution of the neutrons in coincidence with the 1279 keV gamma ray
(left), the 297 keV (center), and the 115 keV gamma ray (right) for the medium VANDLE
modules.
The medium VANDLE neutron spectrum proved harder to deconvolve due to the higher
room background detection in the modules. Once again a high QDC cut, this time at QDC
value 15,000 QDC units and shown in Figure 5.8, allowed for some guidance when choosing
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Figure 5.8: Deconvolution of the neutron singles data for 135Sb for the medium VANDLE
modules with a high QDC cut at 15,000. Applying this cut removes lower energy neutrons
and background from the room and gamma flash. The deconvolution was used to guide the
location of high energy resonances as well as prove that the high energy resonances fit in the
full data set truly exist. The highest energy peak identified corresponds to neutrons with an
energy of about 2.8 MeV.
starting values for the low time of flight (high energy) resonances in the neutron singles
deconvolution, where once again even a small peak can have a large impact on the overall
B(GT).
The same C++ code to calculate the feeding intensity was modified only in the values
specific to the medium VANDLE modules that differed from those of the small VANDLE
modules, such as angular coverage and intrinsic neutron detection efficiency. The Gaussian
spread was also adjusted to use the smaller sigma value provided by the GEANT4 simulation
which occurs due to the longer flight path for the neutrons to reach the medium VANDLE
modules. The results can be seen in Figure 5.9.
Like before with the small VANDLE modules, a 2 sigma confidence cut-off was
implemented, see Equation 5.1. Since both the small and the medium VANDLE modules
ran simultaneously the calculated number of decays was identical.
Once again the initial beta-delayed neutron feeding percentage, Pn, was lower than the
previously reported value. A correction factor of 3.56 was applied to the number of decays
to get the correct feeding percentage.
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Figure 5.9: 135Sb feeding intensity, Iβ, result for the medium VANDLE modules. A
confidence energy cut-off of two sigma was implemented at high energy.
The the B(GT) was then calculated similar to the way it was done for the small VANDLE
modules. The results can be seen in Figure 5.10. Once again the results are binned in 200
keV bins. Further discussion can be found in Section 6.2.
Figure 5.10: 135Sb B(GT) result for the medium VANDLE modules with comparison to
the shell model calculation and the previous result by Hoff et al.[17].
A comparison can now be made between the two B(GT) results. Figure 5.11 shows
the two results plotted together. With the two B(GT) results from the small and medium
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VANDLE detectors an average B(GT) was then produced, see Figure 5.12. This average is
what was used to compare to previous results.
Figure 5.11: Comparison of small and medium VANDLE B(GT).
5.2 136Sb Results
Due to the high room background only the small VANDLE bars were able to be used for
calculating the B(GT) of 136Sb. Similar to the analysis of the 135Sb the neutron time of flight
spectrum was deconvolved. In the particular case of this isotope, only the neutron singles
spectrum was deconvolved.
This was done for two reasons. The first is that there is no reported data for gamma rays
associated with the beta-delayed neutron decay of 136Sb. The second was that statistics were
already low. An attempt was made to look for reported gamma rays from excited levels in
the level scheme of 135Te. Some were found and neutron time of flight spectra were made,
but the statistics were simply too low to get a good deconvolution.
Due to the relatively low statistics and the high room background, a QDC cut at 200
QDC units, equivalent to around 110 keVee, was implemented to improve the neutron
to background count ratio of the neutron time of flight spectrum. The results of the
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Figure 5.12: Averaged B(GT) result. The result above 7 MeV was not averaged since
only the small VANDLE bars had a B(GT) calculation past that point within the two sigma
confidence cut.
deconvolution can be seen in Figure 5.13. A high QDC cut was also produced, see Figure
5.14.
Similar to the analysis of the 135Sb, the deconvolution results for the 136Sb were then run
through the feeding intensity calculation code. The code was modified to include the various
information about the nuclei such as the number of neutrons and protons, as well as the Qβ
window. Additionally the number of decays was recalculated for this isotope using the same
formula as prior, see Equation 5.2. The results of the feeding intensity can be seen in Figure
5.15.
Once again a 2 sigma confidence high energy cut-off was employed on the feeding intensity
calculation. The initial calculated Pn value was lower than the reported value. A correction
factor of 40 was used to get the Pn correct. The correction value is large due to the necessary
QDC cut that was needed to improve the peak to background statistics.
The results of the feeding intensity was then put through the B(GT) calculation code to
produce the B(GT), see Figure 6.3. The error was calculated in a similar manner to the 135Sb
analysis. There is no previous work to compare the new result to. A shell model simulation
was done and can be see in the figure as the blue line. Due to the relatively low statistics the
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Figure 5.13: Deconvolution of the neutron singles data for 136Sb for the small VANDLE
modules. A QDC cut at 2000 QDC units, equivalent to around 110 keVee, was necessary
to have a better neutron to background count ratio in order to be able to perform the
deconvolution of the data.
sigma confidence was kept at 2. This is why the shell model calculation provides a B(GT)
out to the Qβ value while the experimentally determined B(GT) only gives a B(GT) up to
9 MeV.
The agreement between the experimentally determined value and the shell model
simulation is good. Additionally the overall magnitude and shape of the B(GT) curve is
also similar to that of the 135Sb.
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Figure 5.14: Deconvolution of the neutron singles data for 136Sb for the small VANDLE
modules with a high QDC cut at 10,000 QDC units. Applying this cut removes lower energy
neutrons and background from the room and gamma flash. The deconvolution was used to
guide the location of high energy resonances as well as prove that the high energy resonances
fit in the full data set truly exist. The two peaks identified correspond to neutrons with
energies of about 2.9 MeV and 1.8 MeV.
Figure 5.15: 136Sb feeding intensity, Iβ, result for the small VANDLE modules. A




135Sb and 136Sb are positioned north-east of 132Sn. The experimental data show, that within
the shell model interpretation of the beta decay of the N > 82 isotopes, we can draw a
parallel to the previously published study by Madurga et al. In this previous work the
83Ga and 84Ga isotopes, positioned north-east of 78Ni, were studied and the Gamow-Teller
decay was interpreted as the transformation of the 78Ni core. In the case of 135Sb and 136Sb
the mechanism is very similar, and the 132Sn core states are subject to the Gamow-Teller
transitions.
The decay of 83Ga and 84Ga proceeds in a manner where neutrons will decay from the
core. The shell gap will push the beta-delayed neutron energies higher, which will result in a
large B(GT) at high excitation energy. As the energy increase, the contribution of the single
particle energies increases.
Thus the shell model approach presented in Madurga et al. reveals a more universal
pattern for the decays of very neutron rich nuclei. It is also reflected in the 135Sb and 136Sb
pair [28]. Microscopic predictions can be made for this region as well as for other similar
regions.
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6.1 Shell Model Calculations of B(GT) for N > 82 Sb
Isotopes
The results for 135Sb and 136Sb from the VANDLE experiment at CARIBU presented below
provide insight into the nuclear structure for this region.
Figure 1.10 shows a diagram for both Gamow-Teller (GT) and first forbidden (FF) decays
for 135−136Sb in the shell model interpretation. GT type decay between spin-orbit partners
from the closed neutron core is shown in the left side of the figure. Due to the 1g9/2 proton
shell being full the transitions between s, d, g, and h spin-orbit partner orbitals between the
50 and 82 magic numbers will dominate. The first forbidden decay from the 2f7/2 neutron
orbital to the 1g9/2 proton orbital is also blocked.
The shell model calculations were performed with the NuShellX with single particle
energies provided by by experimental systematics [5, 4, 12]. The model used a 100Sn core
with sn100pn interactions. In a similar manner as was done for the 78Ni region, the f7/2
orbital was also added to the model and the respective interactions were generated. Due
to the high proton-neutron asymmetry, the proton spin-orbit partner orbitals for the N >
82 valence neutron 2f7/2 orbital are energetically not available. Therefore the shell model
calculations only included proton and neutron orbitals between magic numbers 50 and 82.
The ground state wave functions were first calculated for 135−136Sb. Then the ground
state of 135−136Te was calculated. The calculation of about 500 excited states in 135−136Te
are then made with the condition that the number of neutrons in the neutronf7/2 orbital is
fixed to what it was in the 135−136Sb, two for 135Sb and three for 136Sb.
The spins and parities of the ground states are determined by the g7/2 and d5/2 protons.
The ground state for 135Sb is calculated to be 7/2+, so only the 5/2+, 7/2+ and 9/2+
excited states are calculated for 135Te which has a ground state of 7/2-. The excitation
energy is referenced to the ground state of 135−136Te. The Gamow-Teller transition matrix
elements are then generated and can be seen on the left side of Figure 6.1. This spectrum is
then converted to the beta feeding intensity spectrum, seen on the right side of Figure 6.1,
by using the phase space factor.
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Figure 6.1: Shell model calculation of B(GT) and Iβ for
135−139Sb. The distribution of the
B(GT) is determined by the shell gap as well as an odd-even effect. With the verified shell
model approach predictions can be made for other isotopes in the region.
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6.2 Discussion of Results for 135Sb and 136Sb
The beta decay strength distribution for 135Sb was previously measured [26, 17]. For
comparison with our new experimental data the Hoff et al. re-analysis of the 135Sb originally
done by Kratz et al. was chosen. Figure 6.2 shows the results of the average B(GT)
calculation as the black line. The experimental uncertainties are plotted as the red regions.
The uncertainty was calculated by re-running the feeding intensity with the fit values
modified by the uncertainty of the fit. The B(GT) was then re-calculated to provide the
high and low uncertainty values by using the new feeding intensities.
Additionally, the uncertainty was modified to account for the large change in the Fermi
integral over the size of the bin. The Fermi integral was calculated for the low and high
edges of the bin and then applied in the calculations of the low and high error bars.
The figures also show the results of Hoff et al. in purple and the results provided by the
shell model simulation in green. As can be seen, the shell model results and the experimental
results agree well, and also the small VANDLE and medium VANDLE results agree. Hoff et
al. reports a higher B(GT) for the region from around 3-4 MeV. This could be a result of
non-observation of the 163 keV neutron, or likely due to incomplete gamma-neutron data in
the original Kratz et al. data. It is also possible that our experiment may have missed some
low energy neutron data. With the background being so high, the lower energy neutrons were
washed out. As such, there were no neutrons at lower energies used in the deconvolution.
This experiment was able to extend the experimental B(GT) to higher energies, and has
confirmed the shell model picture of the Gamow-Teller strength.
Seeing the B(GT) pushed high above the neutron separation energy, while having a
relatively low Pn value may seem a bit confusing at first. One would initially expect the
Pn value to be high with such a high B(GT). First forbidden transitions will allow for the
nucleus to beta decay into energies below the neutron separation value. In order to get a
full picture of the B(GT) a total absorption experiment would be necessary.
The experiment also was able to produce the first B(GT) results for 136Sb, see Figure 6.3.
It also was able to measure the gamma-neutron coincidences. The agreement between the
shell model and the experimental results is also shown. The experiment was able to reach
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the high energy part of the B(GT) at and above the two-neutron separation energy. It shows
an increase in the B(GT) in this region above S2n as predicted by the shell model.
The reported Pn values are still relatively small due to the strong impact of first forbidden
transitions. These transitions lead to the population of neutron bound states in the beta
decay daughter nuclei 135Te and 136Te.
Figure 6.1 also shows how the distribution of the B(GT) is determined by the shell gap
as well as an odd-even effect. The closed core breaking and the shell gap push the B(GT)
above the neutron separation energy, Sn. The experimental neutron spectra confirmed this.
The odd-even effect comes into play in two ways. First, it can be seen in the staggering of Sn.
Additionally, the effect is seen in the 136Sb decay. 136Sb beta decays into 136Te, which is an
even-even nucleus. In order to generate the particle hole states in 136Te, a pair of neutrons
has to be broken along with breaking the core which will add the the excitation energy of
the Gamow-Teller states.
This pushes the B(GT) even higher, where a large portion is above the two-neutron
separation energy, S2n.
136Sb has a very small two-neutron emission branching ratio.
Competition between a single high energy neutron emission and a two-neutron emission
has been studied recently by Yokoyama et al. [55]. It was found that a single high energy
neutron is more likely to be emitted from states above S2n.
With the statistics and background that were available in our experiment, looking for
two-neutron emission was not possible. A future VANDLE experiment with a low room
background and high statistics would make it possible to look for evidence of two-neutron
emission for this isotope. It would allow us to explore in further detail how one and two-
neutron emission compete with each other, similar to other recent work performed by our
research group during the RIBF RIKEN experiment[55].
The experimental B(GT) for 136Sb, see Figure 6.3, confirms within uncertainty that the
B(GT) above S2n remains large, at least up to 8.8 MeV, where the confidence cut of two
sigma was made. This may be caused by a single high energy neutron being emitted, which
would tentatively agree with the recent work of Yokoyama et al. where it was shown a
single high energy neutron dominates over two-neutron emission[55]. In order to confirm
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this neutrons above 3.2 MeV would need to directly be observed. Unfortunately due to the
room background, neutrons at or above this energy were not seen.
For 136Sb the measured B(GT) can be compared to the predictions made by Borzov,
which is an example of a QRPA calculation used commonly to make predictions for the
entire nuclear chart. While it is often preferred by the astrophysics community because it
can make global prediction, the model may not provide sufficient richness of configurations to
provide a detailed description of real nuclei. Here, when confronted with the experimental
data, we can see that the QRPA calculations by Borzov, see Figure 6.4, predicts a very
concentrated strength distribution above the two-neutron separation energy [3]. This would
result in a high two-neutron emission branching ratio, which is not the case as recently
observed by Caballero-Foch [6]. It is also not in agreement with out observation, which
seems to be better described by the shell model approach.
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Figure 6.2: 135Sb average B(GT) result with comparison to the shell model calculation and
the previous result by Hoff et al.[17].
Figure 6.3: 136Sb B(GT) result for the small VANDLE modules.
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Figure 6.4: Predictions by the DF3+CQRPA model for the decya of 136Sb [3]. The B(GT)




This work set out to measure the beta-delayed neutron decay neutron energies of two
fission fragments, 135Sb and 136Sb, which are also important in nuclear structure and nuclear
astrophysics due to their location near the doubly magic shell closure of 132Sn. The results
will help improve knowledge and understanding for these physical phenomena as well as for
helping to improve theoretical models. This experiment was the first attempt since the 1970s
to measure the beta-delayed neutron emission of 135Sb , and worked to improve the detection
of high energy neutrons which was difficult for the previous measurement. Additionally this
was the first attempt at measuring the beta-delayed neutrons from 136Sb.
Part of this work was the development of various detectors and systems. The medium
VANDLE bars proved to be an important addition the the VANDLE family. Also, the in-
vacuum beta detector truly made for a great improvement in the data quality compared to
previous measurements using VANDLE. It also has spawned new iterations of beta detectors
using the silicon photomultipliers which allow the experiment to have a small beta detector
in vacuum closely surrounding the implantation point.
The new frame design improved the detection of neutrons, both reducing scattering due
to frame material, as well as making sure no VANDLE detectors were shadowed by any other
detectors such as the HPGe gamma ray clovers. The use of a digital data acquisition system
provided for low detection thresholds for the system as a whole. It also allowed for quick
setup of the experiment once everything was shipped to the experiment facility.
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The experiment was successfully run at the CARIBU facility at Argonne National
Laboratory. Data analysis was done with an in house data acquisition and analysis code,
which was then complimented with the use of ROOT to produce plots for further analysis.
A GEANT4 simulation was provided by a colleague to understand the detector response for
the physical setup.
The experimental results were fit with ROOT, and then the results were run through
calculation codes to calculate the feeding intensity and then ultimately the B(GT). Both the
small VANDLE detectors and the medium VANDLE detectors complemented one another.
The small VANDLE detectors had a lower room background while the medium VANDLE
detectors has a better intrinsic resolution. Having the two VANDLE module types also
allowed for cross-checking the results between the two types, as well as having a well
understood detector, the small VANDLE detectors, to compare the newly developed medium
VANDLE detectors with.
Results for the 135Sb show that the experiment accomplished detecting higher energy
neutrons than previously seen. Additionally the neutrons were measured in coincidence with
associated gamma rays for the first time. The B(GT) remains relatively flat over the Qβ−Sn
energy range. The experiment results between the two VANDLE module types and the shell
model simulation agree well. The experiment has successfully pushed the experimentally
measured B(GT) to high energies. It also confirms the shell model picture of the Gamow-
Teller strength in the region.
The experiment was also able to produce the first B(GT) result for the 136Sb. Due to the
room background only the small VANDLE detectors were useful for analyzing 136Sb. The
result and the shell model simulation also agree well. The experiment was able to reach
the part of the B(GT) theorized by the shell model where it shows an increasing B(GT)
for high energies into the two-neutron unbound energy region. This tentatively agrees with
Yokoyama et al. for the one versus two neutron emission competition, but to conclusively
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